Blends of PHB and LDPE were prepared by melt mixing in a twin screw extruder. Castor oil pressed cake (CC) was used as filler for the blends. The mixture design technique was used to evaluate the effect of the components proportion on the materials flexural properties. The results show that superior LDPE flexural properties may be obtained by the addition of PHB or castor oil cake to LDPE. Biodegradation was evaluated burying the samples in simulated soil for different periods of time. The ternary mixtures with higher content of PHB showed more pronounced degradation. Under the experimental conditions studied the LDPE/CC compositions presented no degradation. However, the loss of mass of the LDPE/PHB/CC ternary mixtures was higher than the loss of mass of the corresponding LDPE/PHB binary mixture. This result suggests that the castor oil cake accelerates the degradation of the LDPE/PHB mixtures.
Introduction
Nowadays, polymers have been used in a wide range of applications that includes since the development of complex materials, such as prosthetic hips and knee joints up to the development of disposable ones, such as food wrappings. This fact reflects their significance and importance in our daily life. However, the most used polymers are not easily degraded by microorganisms and present very low degradation rates. As a result, their accumulation in the environment has become a serious problem. As the polymer usage is unavoidable, ways have to be found to develop materials which can re-enter in the biological life cycle through biodegradation [1] [2] [3] . Until recently, biodegradation was perceived as a natural process that occurs solely by the action of microorganisms leading to the recycling of carbon, the mineralization of organic compounds and the generation of new biomass. At present, according to some researchers 2, 3 , when the complexity of biodegradation of polymeric materials is better understood, this process is defined considering that it results from combination of biotic and abiotic factors which act synergistically to decompose organic matter. Besides, the process can stop at each stage. Actually, it seems to have confusion in the definition of biodegradation, biofragmentation and biodeterioration 2, 3 . According to Lucas et al. 2 , biodegradation is considered to take place throughout three stages: biodeterioration, biofragmentation and assimilation, without neglect the participation of abiotic factors.
The biodeterioration is mainly the result of the activity of microorganisms, growing on the surface or, and inside a given material. It is important to emphasize that microorganisms may act by mechanical, chemical, and enzymatic means. The biodeterioration of thermoplastic polymers may proceed by two different mechanisms, named bulk and surface erosion. In the bulk erosion, the polymer mass is fragmented into small fractions, and the molecular weight is reduced. In the case of surface erosion, there are no changes of the polymer molecular weight, but there is loss of matter 2 . Biofragmentation involves the cleavage of the long polymer chains due to the mixed action of abiotic factors and microbial communities, which secretes enzimes or generates free radicals. A polymer is considered as fragmented, when low molecular weight molecules are found within the media. After being transported into the cytoplasm, the small molecules integrate the metabolism pathways. This step is called assimilation and is essential to produce microbial energy, biomass and metabolites. As mineralization takes place, CO 2 , N 2 , CH 4 , H 2 O and different salts from completely oxidized metabolites are released in the extracellular environment. Assimilation allows microorganisms to growth and to reproduce while consuming substrate from the environment 2, 3 . Low density polyethylene (LDPE) is one of the most used thermoplastic materials due to its good properties, such as high flexibility, good processability, excellent resistance to dilute and concentrated acids, alcohols, bases and esters, impact resistance and dimensional stability 4 . Nevertheless, LDPE waste persists for thousands years after disposal causing a negative environmental impact. Therefore, the introduction of biodegradable polymers or natural fillers in LDPE based materials formulation may be considered an alternative in the development of more ecofriendly material 3, 5 .
Since most enzyme-catalyzed reactions occur in aqueous media, the hydrophilic-hydrophobic character of synthetic polymers greatly affects their biodegradability. A polymer containing both hydrophobic and hydrophilic segments seems to have a higher biodegradability than those polymers containing either hydrophobic or hydrophilic structures only. Nowadays, it has been considered that even the hydrophobic nature of polyethylene is not a hindrance during biodegradation, since fungi due to their ability to form hydrophobic proteins, can easily attach to the polymer surface 3, 6 . The high molecular weight of polyethylene, however, represents a serious problem, as a molecule of this size cannot cross a cell wall and a cytoplasmatic membrane of the microbial cells. Therefore, it is necessary to reduce its molecular weight by some pretreatments, such as: photooxidation, thermo-oxidation and chemical oxidation. The sensitivity of polyolefins towards thermal oxidation is largely due to the presence of impurities, hydroperoxydes and carbonyl groups 2, 3 . According to Bassi et al. 7 , study on biodegradation of polyethylene has indicated that the molecular weight of biodegradable polyolefins must be less than 500. Therefore, the principle of making biodegradable polyolefins involves adding special additives to the synthetic polyolefins so that the modified structures are susceptible to photo-degradation and chemical degradation. As a result, the long carbon chains are broken to shorter segments and their molecular weights are reduced below 500. Microorganisms can then assimilate the polyolefins monomeric and oligomeric breakdown products previously derived from photo and chemical degradations.
Abiotic factors also seem to accelerate the biodegradation behavior of polyethylene. Results obtained by Negi et al. 8 have indicated that environmental factors like sunlight, temperature and rainfall may enhance the rate of biodegradation of the polymer in nature.
Another of the possible ways to accelerate biodegradation rate of polyethylene in the environment is copolymerization, blending or grafting with functional polymers and compounds. It has been reported that the addition of additives having hydrophilic groups makes polyolefin less hydrophobic and susceptible to photo-, chemical and microbial degradation. The microbial assimilation of the filler, serving as initial point of microbial attack, results in the increase of the surface area of the synthetic material rendering it more susceptible not only to biotic but also to abiotic oxidation. . Biodegradable polymers, such as starch and poly (3-hydroxybutirate) (PHB) also have been used as degradable fillers in polyethylene based materials 2, 3, 9 . Selection and isolation of a strain (or a consortium) that produce high levels of oxidative enzymes; .increase induction of oxidative enzymes; and increase of cell surface hydrophobicity by the use of non-ionic surfactants that will enhance biofilm formation are other ways that have been pointed out to enhance the biodegradability of the most common polymers such as polyethylene, polypropylene and polystyrene 10 . Poly (3-hydroxybutirate) (PHB) is natural polyester produced by several microorganisms. In the last decades PHB has attracted much interest in medical and agricultural applications owing to its biocompatibility and biodegradability. Blending conventional polyolefins with PHB can be a considerable alternative to minimize the disposal problem in landfills and improve the instrinsic britlleness that restricts PHB applications 6, 11, 12 . According to Felisberti et al. 13 , PHB blends may be considered biodegradable or partially biodegradable on basis of the biodegradation behavior of the combined polymer. A review on blends of poly (3-hydroxi-alkanoate) s (PHAs) has been published in the literature 14 . An important conclusion drawn from this review is that blends of PHAs with other biodegradable polymers usually show improved biodegradability when compared with pure PHAs [14] . The blending of biodegradable polymers, such as starch and bioinert polymers, has received a considerable attention for possible applications in the waste disposal of plastics 6, 9, [15] [16] [17] [18] [19] . In the case of PHB based blends containing a bioinert polymer, a kind of biodeterioration may occur according to the morphology and surface properties of the samples. As a matter of fact, the microorganisms attack to the PHB part of the whole samples and provoke a disintegration of the samples by subtracting cementing material between separate synthetic regions 6 . However, it is worthy to mention that for some researchers, the total assimilation of the fragmentary products by the ecosystem is required if the polymers are to be acceptable from the ecological point of view 9, 20 . Several studies concerning the properties of LDPE/PHB blends have been performed and described in the literature 12, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . There is evidence that LDPE/PHB blends are immiscible and form morphological structures with well distinguished phase boundaries between dispersed phase and matrix 12, [21] [22] [23] [24] [25] [26] 32 . According to Pankova et al. 26 , the morphological features of these blends demonstrate the self-reinforced matrix where the minor component (PHB) forms the band-like fibrils embedded in the LDPE matrix. At the amount of PHB above 16%, the blend system undergoes the morphology transfer from the oriented PHB structure to the isotropic one where the PHB fibrils transform into a network. The distinction between the two morphologies reflects the different values of water permeability through the blend films. Therefore, the concentration of PHB in the blends permits to regulate their special morphology and consequently, the water barrier properties 26, 29, 34 . There are few studies about compatibilization of these blends. Poly (ethylene-co-glycidil methacrylate) (EGMA) seems to promote a satisfactory dispersion and a good interfacial adhesion between LDPE and PHB 21 . As a general trend, addition of PHB to LDPE leads to obtaining a hard and brittle material due to the poor interfacial adhesion between the two polymers 24, 30 . Young Modulus (YM) of LDPE/PHB blends depends on the continuous phase and on the amount of compatibilizer in the blend. Generally, blends where LDPE is the continuous phase, show YM values near to that presented by the pure LDPE 21 . Addition of a pro-oxidant, such as oxidized polyethylene wax (OPW), increases the tensile strength and the YM of these blends, as it reduces the phase separation 12 . 204 
Materials Research
A study 31 published in the literature shows that LDPE/PHB blends present two stages of oxidation. In the first one, the thermal oxidation of LDPE is determined by the structure of the LDPE continuous phase that is modified by the addition of PHB. In the second stage, the auto-oxidation of LDPE is enhanced by low molecular weight products of PHB and the rate of this process is directly proportional to the PHB content in the blends.
Some studies on LDPE/PHB blends describe the use of additives that accelerate photo-and thermo-oxidation of polyethylene rendering the product more susceptible to biodegradation 7, 12, [21] [22] [23] . The reason behind this approach is that photo and thermal-oxidation increase the amount of low molecular weight material by breaking bonds, increasing the surface area through embrittlement and increasing the hydrophilicity by introduction of carbonyl groups. All these effects render polyethylene more susceptible to biodegradation. It has also been observed that the oxidation products of polyolefins are biodegradable. This is the basis for the so-called oxobiodegradable polyolefins 21 . A study 23 on the biodegradation of LDPE/PHB blends under simulated burial soil conditions, using aluminum stearate and vegetal oil as additives showed that the samples without additives presented some changes in their surface, such as roughness and whitening. These white spots have become greater as the concentration of PHB in the blends was increased. The samples with additives present dark spots on their surfaces. Apparently, these additives acted as plasticizers for the blends and have not improved their biodegradation behavior. However the monitoring time of biodegradation was not enough to obtain conclusive results.
Rosa et al. 12 prepared PHB/LDPE blends with and without oxidized polyethylene wax (OPW, 5wt %). Their results indicated that pure LDPE and both 25/75 PHB/LDPE and 50/50 PHB/LDPE blends showed little or no loss of mass. Their results also demonstrated that the addition of OPW increased the tensile strength and the elastic modulus, compared to the blends without OPW, but decreased the elongation at break of the blends. The photographs of the samples obtained by light microscopy fitted with a high resolution camera showed that the incorporation of OPW made the samples more susceptible to attack by microorganisms. Morphological analysis of PHB confirmed that fungi colonized the surface of the polymers and that the initial phase of biodegradation involved the formation of small holes on the surface of the film. In addition, the color of the polymer changed from yellow to green with increasing age, and eventually to black prior to fragmentation.
Thermogravimetric data of LDPE/PHB blends prepared with a pro-oxidant (T6) and soil buried for 180 days obtained by Martelli et al. 22 showed that both onset and maximum rate degradation temperatures decreased as a function of biodegradation time. The differential scanning calorimetry (DSC) data showed that LDPE crystallinity degree values increased in general up to 2 months of biodegradation. At the end of the soil burial (SB) test, these values decreased principally for samples that were previously thermooxidized in an oven.
According to Martelli 21 , the most important finding of her study on LDPE/PHB blends prepared with pro-oxidants based on transition metals was that these films reach an advanced state of embrittlement after 45 days aging. This behavior is solely achieved with pro-oxidants addition.
Chemical modification of the LDPE and LDPE/PHB films by using ultraviolet radiation is another approach used to improve the biodegradation behavior of the materials. This radiation promotes the generation of carbonyl groups that increases the hydrophilic character of the materials, rendering them more susceptible to attack by microorganisms 28 . A growing interest has been observed in the possibility of improving polyolefins biodegradation by utilization of natural fillers. This approach has been considered a way to getting cheaper polymers with optimized properties.
Lukanina et al. 27 evaluated the properties of LDPE based films containing biodegradable components, such as: cellulose, soy flour, grains (brewery wastes) and PHB. An increase of Young Modulus was observed for all samples, especially when 15wt% or higher concentration of PHB was added to LDPE. Nevertheless, the tensile stress at break of the films decreased with the addition of the natural fillers. This result was attributed to the increased concentration of breakdown sites under high stretching degree. The addition of PHB, however, promoted the increase of tensile stress up to 10 wt% of PHB addition and an increase of the tensile at break stress. The biodegradation behavior of the samples was studied by using two fungus cultures: Penicillum crysogenium and Aspergillus flavus link Fr. Their results indicated that the quickest biomass accumulation on PHB was reached by using Aspergillus flavus link Fr culture and that the introduction of any natural filler to LDPE accelerates the biomass accumulation. Their results also indicated that the biodegradability of PHB decreases when it is added to LDPE. This result was attributed to the minor accessibility for fungi of PHB when it is blended with LDPE.
Castor bean (Ricinus communis L.) also known as castor oil bean is of great economic importance due to the oil extracted from its seeds. Castor oil has been used in various applications, such as raw materials for chemicals, cosmetics, lubricants and in biodiesel production 36, 37 . The oil extraction process for producing biodiesel and lubricant generates the castor bean cake as a residue, which is highly concentrated in proteins. Therefore, the valorization of this co-product should contribute to improve the productive chain of biodiesel 36, 37 .
The effect of the addition of a pressed castor oil cake, a biodiesel co-product, on the mechanical properties of a grade of LDPE used in the packaging industry was recently evaluated. It was verified that the addition of this filler to the LDPE matrix improves the flexural properties of this polymer 38 . Patent application filed by a Brazilian oil industry and published recently requires the privilege of obtaining composite materials with enhanced degradability using castor oil cake as filler 39 . The description of this invention is not available yet.
In a previous work 24 , blends of LDPE and PHB were prepared by melt mixing in a twin screw extruder. Castor oil pressed cake (CC) was used as filler for the blends. The results showed that the tensile strength values of binary mixtures of LDPE lie in the range from 8.9 to 10 MPa. As some commercial grades of LDPE have mechanical strength in this range, it was inferred that the addition of a certain amount of PHB or CC to LDPE could be considered as a possibility for obtaining LDPE based materials with increased susceptibility to biodegradation.
There is a lack in literature regarding the properties of LDPE/PHB blends filled with castor oil cake. In the present work, a mixture design technique of experiments was applied in order to evaluate the effect of LDPE/PHB/ CC mixtures composition on the flexural properties. A preliminary study of the biodegradation behavior of the mixtures under simulated soil was also performed.
Experimental Procedure

Material
Low density polyethylene (LDPE, TS 0728), MFI = 2. 20 g/10 min -ASTM D 1238 [40] , at 190 °C was donated by Petroquímica Triunfo (Brazil) and used as received. Poly (3-hydroxybutyrate) (PHB), MFI= 16 g/10 min-ASTM D 1238, at 190 °C was obtained from PHB Industrial and used as received. The castor oil pressed cake (CC) was donated by Embrapa (Brazil). The material was detoxified by autoclaving.at 120 °C for 30 minutes. After a drying process, the filler was ground in a ball mill and passed through a set of sieves with a decreasing mesh size. Only the powdered material with a size less or equal to 0.25 mm was used in this work. The composition of castor cake is shown in Table 1 24 .
Mixture design of experiments
The Minitab 15 software program 41 was used for planning the mixtures and it was also used for analyzing the mechanical behavior of the samples. Low density polyethylene, poly (3-hydroxy-butyrate) and castor oil pressed cake were represented by the input variables designated as LDPE, PHB and CC, respectively. As it was desirable to consider the largest LDPE content in the ternary system, the components of the mixture were subjected to the following constraints: 0.7 ≤ LDPE ≤ 1.0, 0 ≤ PHB ≤ 0.3 and 0 ≤ CC ≤ 0.3. Figure 1 shows the design region of interest. The circles represent ten LDPE/PHB/CC mixtures that should be prepared to give an appropriate response surface using a polynomial equation of degree n.
The composition of the mixtures defined by the Minitab software is presented in Table 2 .
Mixtures processing and characterization
The LDPE/PHB/castor cake mixtures were prepared in a twin screw extruder (Extrusão Brasil-Model DRC) with 22 mm diameter and a length to diameter (L/D) ratio equal to 36 at 100 rpm. The temperature profile in the extruder from the feed to the metering zone was set at 80/140/140/140/140 °C. Flexural properties were measured using a Shimadzu Universal Testing Machine, Model AG-I with a 5 KN load cell. Tests were conducted in accordance with ASTM D 790 [42] using Type V test specimen dimensions. A crosshead speed of 10 mm/min was employed under atmospheric conditions. The morphology of the samples previously coated with gold was determined by scanning electron microscopy (Zeiss, DSM 960).
Simulated soil burial biodegradation experiment
The simulated soil consisted of 23% loamy silt, 23% organic matter (cow manure), 23% sand and 31% water (all w/w). The soil pH, equal to 7, was determined using the digital pH meter Model PHS-3B PHtek. Five type I specimens prepared according to ASTM D-638 [43] were weighed and buried in simulated soil under atmospheric conditions. Biodegradation behavior was monitored every 30 days for approximately 4 months by measuring the loss of mass. At each interval the buried samples were recovered, washed with water and dried in an oven for 24 hours at 40 °C. After this time the samples were weighted in order to determine the losses of mass.
Results and Discussion
The flexural properties of the different mixtures were evaluated through analysis of variance performed by the Minitab software 41 ; some polynomial equations were tested in order to describe the mechanical behavior of the samples The cubic model in pseudo components (Equation 1) was selected for describe the flexural strength of the samples 23 are the coefficients of the polynomial and X 1 , X 2 and X 3 are the entrance variables. In this study X 1 , X 2 and X 3 represent the LDPE, PHB and CC proportions in the ternary blends.
However, the linear model in pseudo components (Equation 2) was the most adequate to describe the flexural modulus of the samples.
Where: Ei is the flexural modulus; b 1 , b 2 and b 3 , are the coefficients of the polynomial and X 1 , X 2 and X 3 are the LDPE, PHB and CC proportions in the ternary blends.
The Equation 1 was used to generate the response surface presented in in this work.
The flexural properties of LDPE and the different mixtures are presented in Table 3 The inspection of Table 3 shows that the flexural strength of LDPE increases as the content of PHB in the LDPE/PHB binary mixture increases. This result may be explained by the flexural strength value of the PHB that should be higher than the flexural strength of the LDPE.
Similar effect was observed when the LDPE/CC binary mixtures were analyzed. The addition of the natural filler to the LDPE provokes an increase of the flexural strength. However, this effect was smaller than that observed when the PHB was added to the LDPE. Similar results were found by Stork and Rocha 38 and coworkers. The researchers have verified that the addition of castor oil pressed cake to LDPE leads to obtain better flexural properties.
The homogeneous distribution of fillers in the polymeric matrix and a satisfactory interfacial adhesion have been pointed as the two main factors that lead to obtain superior mechanical properties. It is difficult to obtain a good dispersion of particulate fillers in thermoplastic matrices due to the tendency these fillers present to form agglomerates. This fact may explain why a significant increase of the flexural strength in higher content of fillers was not observed. It is important to note that the increase of flexural strength has been observed in systems with weak adhesion such as HDPE/wood flour composites 44 . Table 3 also shows that the flexural strength values of the ternary mixtures were lower than the flexural strength values of the binary mixtures. Perhaps, this result may be explained by the unsatisfactory dispersion of the castor oil cake in the LDPE/PHB blend. Figure 2 presents the response surface plot of flexural strength versus the components proportion of the LDPE mixtures. 1  90  450  10  50  0  0  2  80  400  0  0  20  100  3  70  350  20  100  10  50  4  80  400  10  50  10  50  5  70  350  30  150  0  0  6  80  400  20  100  0  0  7  100  500  0  0  0  0  8  70  350  10  50  20  100  9  70  350  0  0  30  150  10 90 450 0 0 10 50 Figure 2 makes evident that the reinforcing effect of PHB is higher than the reinforcing effect of castor oil pressed cake. This result perhaps may be attributed to the higher tendency of castor oil pressed cake to form agglomerates besides the weak interfacial adhesion. The highest value of flexural strength was obtained when LDPE was processed with 30% w/w of PHB.
The relationship between the flexural strength and the components of the mixtures can be expressed by Equation 3: Table 3 also shows that the behavior of flexural modulus in function of the composition of the mixtures was similar to that one presented by the flexural strength. Both PHB and CC act as a reinforcing element for the LDPE. However, the reinforcing effect of PHB is higher than the effect of the castor oil cake. The binary mixtures exhibited higher values of flexural modulus than the ternary mixtures.
On a statistical basis, the linear model (Equation 4) is more appropriate than the quadratic and cubic to express the relationship between the flexural modulus and the components of the mixtures. However, nonlinear regression models should be tested once the coefficient of determination found was equal to 0. The measure of mass loss is frequently used for estimation of biodegradability and is standardized for in situ biodegradability tests. As this methodology has been used in the studies on biodegradation behavior of LDPE/ PHB blends, it is also used in this work. However, it should be emphasized that other methods must be used in order to estimate polymer biodegradation, since the loss of mass can be due to the vanishing of volatile and soluble impurities. In this work, a preliminary study on the biodegradation behavior of the blends was performed by measuring the loss of weight every 30 days for approximately 4 months. Figure 3 shows the percentage of loss of mass of LDPE / PHB binary blends in different intervals of time.
The inspection of Figure 3 shows that as the PHB content in the mixtures is increased, a trend to increase the biodegradation rate of the LDPE/PHB binary samples is observed, as it was expected. This result also may be inferred from the analysis of Figure 4 that shows the visual appearance of the LDPE/PHB specimens after they have been removed from the soil in different intervals of time. The more intensive action of microorganisms becomes more visible by the appearance of spots and the roughness of the specimens. The loss of mass of the LDPE/CC samples showed .that there was a slight increase of mass over a period of 120 days. In this case, there was also no change in the visual appearance of the samples. Perhaps, this result may be attributed to the greater capacity of moisture absorption of the castor oil cake. Figure 5 shows the percentage of loss of mass of LDPE/ PHB/CC mixtures in different intervals of time.
The ternary mixture with higher content of PHB presents the highest loss of mass in 120 days. Table 4 shows that the loss of mass of the LDPE/PHB/CC (70/20/10) ternary mixture was higher than the loss of mass of the LDPE/PHB (70/30) mixture. Table 4 also shows that the loss of mass of the LDPE/PHB/CC (80/20/10) ternary mixture was higher than the loss of mass of the LDPE/PHB (80/20) mixture. These results may be an indication that the castor oil pressed cake accelerates the degradation of the LDPE/PHB mixtures. Figure 6 shows the morphology of the blend of LDPE containing 10% of CC. This micrograph appears quite different from that of blends containing 10% of PHB (Figure 7 ). The domains of castor pressed cake are quite visible and the fracture process does not seem to be so ductile. The weak interfacial adhesion is noticeable. Voids and cavities may be observed.
The larger domains of CC dispersed in LDPE/PHB blend ( Figure 8 ) may be contributing to a higher stress concentration and cracks propagation. On the other side, the voids between the phases may be contributing to the water permeation that could lead to hydrolysis reactions of PHB. Figure 9 presents the visual appearance of the LDPE/ PHB/CC specimens after they have been removed from the soil in different intervals of time. It can be seen that the specimens become clearer as they are degraded. White spots that become larger as the concentration of PHB was increased were observed in LDPE/PHB samples removed from the soil 23 . There was no mention about the source of the spots. Maybe, the cracks and voids give rise to regions with different refractive index that may be responsible by the observed whitening. 
Conclusions
1. Superior LDPE flexural properties may be obtained by the addition of PHB or castor oil cake to LDPE. The effect of PHB addition to LDPE is greater than the effect produced by the addition of castor oil cake (CC). The LDPE binary mixtures presented better properties than the LDPE ternary mixtures; 2. The addition of increasing concentration of PHB enhances the biodegradation of the LDPE/PHB binary mixtures. However, the loss of mass data of the LDPE/CC samples showed .that there was a slight increase of mass over a period of 120 days; 3. The loss of mass of the LDPE/PHB/CC ternary mixtures was higher than the loss of mass of the corresponding LDPE/PHB binary mixture. This result may be an indication that the castor oil pressed cake accelerates the degradation of the LDPE/PHB mixtures. 
